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Abstract 
A pressure reducing valve (PRV) consists of a main valve and a PRV controller which senses the output pressure and adjusts the 
opening of the main valve to maintain the outlet pressure at a given set-point [2]. Although it is well known that PRVs tend to 
oscillate at low flows the problem is not properly understood. This research was motivated by an industrial case-study to remediate 
instability in the large scale pressure control scheme. The precise cause for the instability has been identified and the measures to 
improve the robustness of the generic pressure control schemes are proposed.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Organizing Committee of WDSA 2014.  
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1. Introduction  
The research described in this paper was motivated by an industrial case-study to remediate instability in the large 
scale pressure control scheme illustrated in Fig. 1, where the valve outlet pressure oscillates violently in the low flow 
conditions and stabilises later in the day when the flow increases. 
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Fig. 1. Record of the loss of instability incidence. 
The left axis corresponds to the valve positions expressed in % including the required valve position requested by 
the PLC (green line) and the actual valve position (dark red) both lines overlap most of the time. The right axis 
corresponds to PRV outlet pressure expressed in bars. The set point at 0.65 bar is marked with red light line and the 
dead zone in which the valve element is not actuated is marked with the two heavy red lines. The actual outlet pressure 
from the PRV is marked by the blue line. 
The instability event started at 5:37 a.m. In the first stage of instability the valve opening oscillation were bounded 
between 25% and 40 % and the outlet pressure was bounded between 0.25 bar and 1 bar. At 6:24 the oscillation went 
out of control completely, valve opening varied from fully closed (0%) to fully open (80% permitted) and the pressure 
varied from 0 bar to 4 bar. The amplitude of the outlet pressure gradually was decreasing caused by the increased flow 
through the valve (the flow is not displayed in Fig.1) and hence increasing pressure drop across the valve. Around 
8:20 the oscillation decayed and the system return to normal operation maintaining pressure within the dead zone and 
around the set point of 0.65±0.1 bar. This return to stability is correlated with the increased flow through the valve 
caused be the increased demand in the zone fed by the PRV. This instability had serious physical and financial 
consequences in terms of number of reported bursts at that time. In order to prevent such incidents in the future is 
necessary to understand the causes and introduce measures to prevent it happening again. 
In this case the PRV was controlled electronically by a PLC as depicted in Fig.2. 
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Fig. 2. Pressure control schematic. 
The valve outlet pressure is measured with a pressure transmitter the signal is inputted to the PLC which runs the 
PID control algorithms. The control signal from the PLC drives the actuator (electric motor) which in turn moves the 
valve element.  
2. Methodology  
The problem above described concerns the stability of single loop control systems as in Fig.3. 
 
 
Fig. 3. General structure of a control system. 
The analysis and design of control system is well developed for linear lumped model and there is a plethora of 
analytical methods, [1] and supporting software packages such as Matlab, [3] for analysis of such systems. 
An important parameter of the control system is the overall gain of the feedback loop which is the product of the 
gains of individual components. If the gain is too low the system is not accurate, and does not maintain the output 
signal at the reference level, if it is too high the feedback system may become unstable. In the case of pressure control 
the controlled system (process) includes the valve and the water system in this case the process is nonlinear and 
distributed, i.e. pressure and flow transients should be considered. Considering complexity of the overall control 
scheme far beyond the standard theory it was decided to use approach based on simulations and investigate 
experimentally how different parameters affect the operation of the control scheme. 
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Fig. 4. Characteristic of the valve capacity 
The valve was represented by its capacity characteristics shown in Fig.4, and the model, ܳ ൌ ܭ௩ሺݔሻξο݄ where Q 
is the valve flow in ݉ଷ ݄Τ  , ο݄ is the head drop across valve in bar. It was impossible to build a detailed transient 
model of the water system in question with over 300,00 consumers. Instead a fictitious model but which has main 
characteristics of the real system has been used with the structure depicted in Fig. 5. 
 
 
Fig. 5. Schematic of the water distribution system 
The system is fed from a large reservoir (node 1) with constant head of 200 m. The pipe between node 1 and 2 is 
5000m long, the PRV is connected between nodes 2 and 3. The PRV is connected to an fictitious DMA via a 2000m 
pipe (nodes 3 and 4).The DMA has a fixed demand pattern over 24 hours and also pressure dependent leakage. The 
demand and leakage are such that the flow at 04:00 is equal to 197.29l/s and at 08:00 is equal to 358.50 l/s. The inlet 
pressure to PRV is 71.62m for the high flow and 91.16m for the low flow, the outlet pressure (PRV set point) is 6.5 
m. The objective of the control is to maintain the PRV outlet pressure at 6.5 m. 
The transient model has been implemented in Simulink/Matlab using the method of characteristics as described in 
[4]. The model of the open-loop system including the actuator, the valve and the water system is shown in Fig. 6 and 
the complete model of the closed-loop system with the pressure transmitter and the PI controller is shown in Fig. 7. 
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Fig. 6. Open – loop pressure control system 
The actuator model has a fast inertia and rate limiter to make sure that valve does not open faster than 80% in 87 
seconds. The valve is connected to the network of pipes represented by the blue block via two variables the head and 
the flow. The demands model includes daily pattern (slow) and random noise with the frequency of 1s representing 
changes in water consumption. The model allows inclusion of events such as sudden demand change which may 
simulate a burst. 
 
Fig. 7. Closed – loop pressure control system 
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The model of the closed-loop system includes additionally PI controller and the dead zone element, if the error is 
inside the dead-zone the valve doesn’t move and stay in the most recent position. Initially the PI controller was tuned 
to be stable at 32% opening using experimental relay Astrom method, the following settings Kp=0.25 and Ki=0.0125 
which corresponds to Ti=20s were obtained.  
3. Simulation studies and results  
There were two questions formulated in this research: 
Q1. Can the distributed nature of the water system (transients) caused instability of the pressure control scheme 
Q2. Can the nonlinear nature of the valve/water system cause instability of the pressure control scheme. 
3.1. Can distributed nature of the water system (transients) caused instability of the pressure control scheme 
The experiments with the closed-loop system are to investigate the response of the water system to the sudden 
demand change (simulating a burst), the response of the system is depicted in Fig. 8. The blue line represents the head 
at the PRV outlet (Node 3), the green line represents the head and the end of the transmission pipe (Node 4) and the 
red represents head at Node 28 which is close to the event node no 23.  
 
Fig. 8. Response of the closed-loop system to the sudden demand change (a burst) 
The event has happened at node 23 between 398 and 400 seconds and caused the sudden pressure drop at node 28 
followed by decaying oscillations and settling to a new steady-state value. The same pattern is repeated at the two 
other nodes with the delay of 2s and 4s respectively. The black line at the bottom of the picture represents the valve 
opening which increased slightly as the result of the event. The event didn’t have any impact on the stability of the 
system, in fact after the event the valve opened more which has improved the stability. 
3.2. Can nonlinear nature of the valve plus water system cause instability of the pressure control scheme. 
The linear components of the pressure control system have constant gains so our investigation was focused on the 
dynamic gain of the valve/ water system connection. The dynamic gains for different valve openings are evaluated by 
simulation of the open-loop system depicted in Fig. 6. The gain in question is the ratio between the change in the PRV 
outlet pressure in steady-state against the change in the valve opening. The gain was evaluated for three operating 
points (valve openings) x = 32%, x=40% and x=50%. The response of the open-loop system for the valve opening 
from 32% to 34% is shown in Fig. 9.  
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Fig. 9. Response of the open-loop system, head at nodes 3 (PRV outlet), 4 (end of the transmission pipe) and 28 (at the end of the network) for 
valve opening from 32% to 34%. 
The value of the outlet head signified by the blue line increased from initial value of 108m to 124m after settling 
down to the steady-state, hence dynamic gain K(x) = (124-108)/2 =  8 m/% . The corresponding calculations for the 
all three operating points are shown in Table 1. 
Table 1. Dynamic gains of the valve/water system obtained from simulations 
Valve opening increase Valve outlet head 
increase [m] 
Dynamic gain 
[m/%] 
32%-34% 16 8 
40%-42% 
50%-52% 
5.5 
2 
2.75 
1 
 
The dependence of the dynamic gain on the valve opening is represented in Fig. 10. 
 
 
Fig. 10. Dynamic gain versus the valve opening 
This very strong increase of the dynamic gain for small valve opening is a rather surprising result not easily 
predicable by a mild nonlinearity of the valve capacity characteristic and the nonlinearity of the water system. It 
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explains very well the instability of the PRV at low flows (small valve opening). In order to confirm this hypothesis 
the situation which happened in the physical system has been recreated in the considered model. The integral time 
constant of the PI controller, Ki has been reduced from 20s to 2.78s to make the closed-loop system unstable for low 
flow. The simulations have been carried out over 1 hour (3600s) with gradually increasing total demand as shown in 
Fig.11a.  
 
Fig. 11. (a) Total demand; (b) PRV outlet pressure 
The corresponding PRV outlet pressure is shown in Fig. 11b. The PRV oscillates violently going from fully open 
to fully closed. After around 2200 seconds when the demand reaches the value of  ͲǤͳͻ݉ଷ ݏሺͳͻͲ ݈ ݏሻΤΤ   the 
oscillations stop spontaneously without external intervention similarly as in the real incident depicted in Fig.1. 
4. Conclusions and further work. 
The subject of the investigation was to understand and explain the phenomena of instability in the pressure control 
schemes for low flows (small valve openings). 
x The gain of the water system changes significantly with the valve opening, it has large value for small opening 
and small value for large openings, in our case it changed from 8m/% for the 32% opening to 1m/% for the 50% 
opening. This has dramatic effect on the stability of the closed-loop system and explains the common wisdom 
among practitioners that the PRV is less stable for small flows (in fact small valve openings). 
x The simulation studies have confirmed that the events in the water systems such as bursts cannot cause instability 
of the system with a properly designed controller. They cause short term transients which quickly decay and the 
system moves to a new steady state. In fact it improves the stability due to the increase in flow. However, reduction 
in the demand for instance caused by a valve closure can reduce the total flow (reduce valve opening) and lead to 
instability in a poorly design control system.  
x In order to improve robustness of the entire control scheme it is recommended to introduce a special nonlinear 
compensator in the control loop. In the traditional hydraulic PRVs controlled by a pilot valve it is necessary to 
modify the construction of the pilot valve which is now a subject of further investigations. 
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